Paneth cells (PCs), a secretory population located at the base of the intestinal crypt, support the intestinal stem cells (ISC) with growth factors and participate in innate immunity by releasing antimicrobial peptides, including lysozyme and defensins. PC dysfunction is associated with disorders such as Crohn's disease and necrotizing enterocolitis, but the specific pathways regulating PC development and function are not fully understood. Here we tested the role of the neuregulin receptor ErbB3 in control of PC differentiation and the ISC niche. Intestinal epithelial ErbB3 knockout caused precocious appearance of PCs as early as postnatal day 7, and substantially increased the number of mature PCs in adult mouse ileum. ErbB3 loss had no effect on other secretory lineages, but increased expression of the ISC marker Lgr5. ErbB3-null intestines had elevated levels of the Atoh1 transcription factor, which is required for secretory fate determination, while Atoh1 + cells had reduced ErbB3, suggesting reciprocal negative regulation. ErbB3-null intestinal progenitor cells showed reduced activation of the PI3K-Akt and ERK MAPK pathways. Inhibiting these pathways in HT29 cells increased levels of ATOH1 and the PC marker LYZ. Conversely, ErbB3 activation suppressed LYZ and ATOH1 in a PI3K-dependent manner. Expansion of the PC compartment in ErbB3-null intestines was accompanied with elevated ER stress and inflammation markers, raising the possibility that negative regulation of PCs by ErbB3 is necessary to maintain homeostasis. Taken together, our data suggest that ErbB3 restricts PC numbers through PI3K-mediated suppression of Atoh1 levels leading to inhibition of PC differentiation, with important implications for regulation of the ISC niche.
Paneth cells (PCs) are heavily granulated epithelial cells located at the base of the intestinal crypt, intercalated between crypt base columnar (Lgr5 + ) stem cells. 1, 2 They are a major source of antimicrobial peptides, including lysozyme (encoded by Lyz1 in mice) and α-defensins. [3] [4] [5] In addition, recent studies on the intestinal stem cell (ISC) niche demonstrated that PCs secrete growth factors (including Wnt ligands and epidermal growth factor (EGF)) that support Lgr5 + cells. 6 Thus, PCs both provide ISCs with growth factors and afford them protection from enteric bacteria.
Alterations in PC number and function have been associated with inflammatory disorders such as Crohn's disease [7] [8] [9] and necrotizing enterocolitis. 10 Mouse models with PC dysfunction 11 demonstrate a critical role for these cells in maintaining intestinal homeostasis and preventing colitis. Thus, PCs may provide a key to new avenues of treatment for intestinal inflammation. Although several transcription factors involved in their differentiation have been outlined and a role for morphogens such as Wnt and Notch has been demonstrated in their maintenance, [12] [13] [14] little is known about other growth factor-mediated signaling pathways that regulate PC development or function.
The ErbB3 neuregulin (NRG) receptor-a member of the EGF receptor (EGFR)-related ErbB tyrosine kinase family-is expressed in most epithelial tissues, but its physiological functions specific to each tissue are not well defined. Along with ErbB4, ErbB3 is one of the two receptors for neuregulins in mammalian cells. With a more restricted ligand affinity (preferred recognition for NRG1 and 2) than ErbB4 (which recognizes NRG1-4), 15 six YXXM phosphatidylinositol 3-kinase (PI3K) docking sites, 16 and low but physiologically relevant kinase activity, 17, 18 ErbB3 is biochemically unique, and is likely to have roles in cell signaling different than those of other ErbBs.
Although ErbB3 is robustly expressed in the intestinal epithelium, 19 its function in this tissue is not well understood. In the colon, ErbB3 not only promotes recovery from chemically induced colitis, 20 but also supports the survival of transformed cells 19 through mechanisms that remain undefined. Even less is known about ErbB3's role in the small intestine. As the other neuregulin receptor, ErbB4, is protective for PCs, 21 we tested whether ErbB3 also regulates these cells. We report that, in contrast to ErbB4, ErbB3 signaling restricts the number of mature PCs in the small intestine. This response requires PI3K signaling, which in turn suppresses expression of Atoh1, a transcription factor required for secretory differentiation. These data suggest that ErbB3 has an unexpected role in intestinal cell fate determination. Signaling through the two neuregulin receptors may provide balanced, opposing effects on PCs, ultimately fine-tuning this secretory population and the intestinal stem cell niche.
Results
ErbB3-null intestinal crypts have an expanded PC compartment. To test the role of ErbB3 in PC regulation, we deleted it in the intestinal epithelium (ErbB3-IEKO) by crossing ErbB3 flox/flox and Villin-Cre mice 19 ( Figure 1a ). Histological and immunofluorescence analyses showed an increase in lysozyme + PC numbers in ErbB3-IEKO mice compared with control littermates (Figure 1b) . Similarly, quantitative PCR (qPCR) on mucosal lysates revealed a doubling in Lyz1 expression (Figure 1c) , and Cytometry by Time of Flight (CyTOF) analysis on dissociated epithelium showed an increased proportion of cells expressing the PC markers lysozyme and matrix metalloproteinase-7 (MMP7; Figure 1d ). The additional PCs were located, as normal, at the crypt base with normal granule morphology (Figures 1e and f), suggesting normal function. 9, 22 Consistent with the demonstrated role of PCs in supporting ISCs through Wnt production, there was an increase in the Wnt-regulated ISC marker Lgr5, but not the Notch-regulated Olfm4 (Figures 1g  and h ). ErbB3 deletion did not alter the expression of other secretory cell markers such as Muc2 (goblet cells), Chga (enteroendocrine cells) or Dclk1 (tuft cells; Figures 1i-k) , suggesting a specific effect on PCs rather than overall expansion of the secretory lineages. We did not detect altered expression of other ErbB family members in ErbB3-IEKO mice, ruling out a role for compensatory changes in these receptors (Figures 1l and m) . Morphometric analysis supported the idea that alterations in these mice are restricted to the crypt, showing a significant increase in crypt length and width in the ErbB3-IEKO animals versus littermate controls, but no change on the villi (Figure 1n) . Moreover, the numbers of proliferative cells in the crypts were not different (Figure 1o ), suggesting that morphological changes were not driven by cell division and thus might be due to differentiation into the larger-sized Paneth cells.
Paneth cells develop precociously in ErbB3-IEKO mice.
The selective increase of PCs in ErbB3-IEKO mice could represent accelerated development of this lineage. Thus, we examined intestines at postnatal day (P) 7, when the mouse Figure 2c ). Although lysozyme was not as highly expressed in ErbB3-IEKO P7 pups as in adults, it was clearly present and at a similar level as in P13 WT mice (not shown). Thus, ErbB3 deletion allows premature appearance of differentiated PCs, with elevated numbers maintained into adulthood.
ErbB3-null intestinal crypts have more MMP7/MUC2 + intermediate cells versus wild type. PCs and goblet cells share a common secretory precursor, which can be identified by simultaneous expression of MMP7 and MUC2. 13, 24 Immunofluorescence analysis showed an increase in double-positive cells in ErbB3-IEKO mice (Figures 3a and  b) . We speculate that most of these additional precursors preferentially differentiate to PCs, as we did not detect any overall alteration in Muc2 expression (Figure 1i ). These results suggest that the deletion of ErbB3 selectively drives cell fate commitment towards PC differentiation.
Atoh1 binds to the ErbB3 promoter region and downregulates its expression. We next asked whether ErbB3 has functional interactions with Atoh1, a transcription factor expressed in MMP7/MUC2 + intermediate cells that is required for secretory cell fate determination. 25, 26 Chromatin immunoprecipitation (ChIP) analysis showed that Atoh1 binds the ErbB3 promoter region (Figures 4a and b) . NRG1β exposure reduced expression of Paneth and stem cell, but not goblet cell, markers in enteroid cultures. To investigate the effects of activating ErbB3 in a readily tractable model, we treated ileal enteroid cultures 6 from C57Bl/6 mice with NRG1β (10 ng/ml). Consistent with the hypothesis that ErbB3 restricts PC numbers, NRG1β repressed expression of Lyz1 (Figure 5a ), as well as Defa5, which encodes another antimicrobial peptide produced by PCs. In contrast, Muc2 levels were largely unchanged, consistent with the in vivo ErbB3-IEKO results. We also observed a reduction in Lgr5 (Figure 5b ), and to a lesser extent in Lrig1 and Bmi1. This could represent the close dependence of the Lgr5 + ISCs on PCs. 6 A 24 h NRG1β exposure was sufficient to deplete PC and ISC markers (Figure 5c ). Immunofluorescence analysis revealed that NRG1β drives a decrease in lysozyme + cells, suggesting fewer PCs as opposed to reduced antimicrobial peptide expression per PC (Figure 5d ). There were no changes in proliferation with NRG1β exposure ( Figure 5e) ; consistent with this, enteroid sizes (measured by cross-sectional area) in cultures from ErbB3-IEKO mice and control littermates were not different (not shown). ErbB4 is not required for NRG1β-stimulated PC loss. Our previous studies using ErbB4 ligand in intestinal injury models and ErbB4-null enteroids 21 suggest that ErbB4 is protective for PCs. To compare the results of ErbB4 versus ErbB3 deletion in homeostasis, we examined ErbB4-IEKO ileums. Surprisingly, unchallenged ErbB4-IEKO mice displayed no alterations in PC or ISC markers (Figure 6a ). Furthermore, in enteroid cultures from C57Bl/6 mice, the ErbB4-specific ligand NRG4 did not provoke any change in Lyz1, Defa5 or Lgr5 ( Figure 6b ). However, in ErbB4-IEKO enteroids NRG1β was still able to cause a reduction in Lyz1 and Lgr5 ( Figure 6c ) comparable to that seen in wild-type cultures ( Figure 5 ). Together with our previous studies, these results suggest that ErbB4 primarily has a protective role for PCs after injury or other challenge, but does not substantially impact their homeostatic maintenance. In contrast, ErbB3 restricts the numbers of PCs during normal development and homeostasis.
ErbB3 maintains baseline intestinal epithelial PI3K and MAPK signaling in vivo. ErbB3 stimulates PI3K-Akt and ERK1/2 mitogen-activated protein kinase (MAPK) activation in cultured intestinal cell lines. 27 MAPK activation also negatively regulates PC numbers, 14 which could be related to ErbB3 activity. In contrast, a role for PI3K signaling in PCs has not been investigated. To begin to identify which pathways are responsible for ErbB3 regulation of PCs, we first performed western blot analysis on whole mucosal lysates. In this analysis, only phospho-Akt levels were reduced in ErbB3-IEKO mice (Figures 7a and b) . Using the more sensitive CyTOF analysis, which can also define signaling in cellular subsets, we determined that both phospho-Akt and phospho-ERK1/2 were significantly reduced in cytokeratin (CK) 20 low /Lysozyme − crypt progenitor cells from the ErbB3-IEKO mice as well as, to a lesser extent, in the epithelium overall (Figures 7c and d) . In contrast, PCs themselves showed only a nonsignificant trend towards reduced activity of these pathways (Figure 7c ). Thus, changes in PC numbers in ErbB3-IEKO mice may be a consequence of altered signaling specifically in the stem cell/progenitor compartment.
ErbB3 regulates Paneth cells through the PI3K-Akt pathway. To define the involvement of PI3K and MAPK in ErbB3 regulation of PCs, we used HT29 human colorectal cancer cells. Unlike in the mouse, Paneth cells can be observed in the human colon, and colonic Paneth cell metaplasia has been reported in inflammation and cancerous conditions. 7,28,29 HT29 cells express both secretory and absorptive characteristics and have been used to study mechanisms controlling Paneth/goblet cell balance. 14, 30 NRG1β elicited a reduction in baseline LYZ and ATOH1 expression in these cells (Figures 7e-g ). Conversely, PI3K and MAPK inhibitors caused dose-dependent increases in LYZ and ATOH1 (Figures 7f and g ). These data suggest that baseline activities of PI3K and MAPK are involved in restricting LYZ and ATOH1 levels. The mTORC1 inhibitor Rapamycin had no effect (Figure 7h ), indicating that PI3K involvement is selectively through Akt or possibly mTORC2. Interestingly, PI3K inhibition could induce LYZ and ATOH1 in the presence of NRG1β, while MAPK inhibition could not. Thus, although PI3K and MAPK are both involved in the regulation of PCs, only PI3K signaling is required for ErbB3- 
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Dana Almohazey et al mediated effects on this lineage. In wild-type enteroids, the PI3K inhibitor BAY 80-6946 induced Lyz1 (Figure 7i ), demonstrating the importance of PI3K for suppressing lysozyme in a model with fully differentiated PCs.
The ErbB3-null ileal epithelium is sensitized to inflammation. Epithelial ErbB3 knockout has been associated with poor recovery from colonic injury, 20 and an expanded PC compartment has been associated with ER stress and inflammation. 31 Therefore, we tested small intestinal inflammatory responses in ErbB3-IEKO mice. At baseline, ErbB3-IEKO intestines had elevated interferon (IFN)-γ and tumor necrosis factor (TNF) mRNA (Figure 8a) , and increased protein levels of the ER stress marker CHOP (Figure 8b ) versus control littermates. In the acute LPS injection enteritis model, knockouts displayed elevated IFN-γ and TNF levels and more apoptotic cells in the ileal crypts (Figure 8c) . No change in villus apoptosis was noted (not shown). In DSS colitis, ErbB3-IEKO animals had enhanced disease (Figure 8d ), similar to previous reports. 20 Intriguingly, the knockouts also had elevated ileal IFN-γ and TNF responses (Figure 8e ), even though there is no frank ileal injury with DSS. Rare apoptotic cells in the lower ileal crypts could be identified after DSS challenge only in the knockouts, never the ErbB3-replete littermates (not shown). We found no differences in proliferation (Figure 8e ). As inflammation sometimes drives colonic PC metaplasia, we measured Lyz1 in the proximal colons of ErbB3-FF and ErbB3-IEKO mice, ± DSS colitis. We found weak but detectable expression in all groups, but no differences between control and DSS or between genotypes. This may indicate that the effects of ErbB3 on secretory differentiation are restricted to the small intestine. We also tested the effects of inflammation on ErbB3 in the ileum, finding no change in ErbB3 or Nrg1 in DSS colitis (not shown), consistent with the relative lack of Figure 8 The ErbB3-null ileal epithelium is sensitized to inflammation. (a) qPCR analysis (Cdh1 as reference) of ileal epithelial scrapings from ErbB3-FF and ErbB3-IEKO mice for Ifng and Tnf (n = 9 mice/genotype). (b) Western blot analysis of ileal epithelial scrapings for CHOP was performed and quantified by densitometry (n = 8 mice/genotype). (c) Mice were challenged with PBS or 10 mg/kg LPS by intraperitoneal injection; ileal epithelial scrapings were collected after 24 h and qPCR analysis (Cdh1 as reference) for Ifng and Tnf was performed (n = 6 per condition); paraffin-embedded sections were immunostained for cleaved caspase-3 (CC3) and positive cells in crypts were counted. (d and e) Mice were subjected to DSS colitis; (d) weight over time, colon lengths at necropsy and stool consistency were recorded. (e) Ileal epithelial scrapings were collected and qPCR analysis (Cdh1 as reference) for Ifng and Tnf was performed (n = 4-5 per condition); tissue sections were immunostained for Ki67 and positive cells per crypt were quantified. (f) Wild-type C57Bl/6 mice were given PBS or LPS injections; ileal epithelial scrapings were collected after 24 h and qPCR analysis (Cdh1 as reference) was performed for ErbB3, Atoh1, Lyz1 and Nrg1. Error bars, ± S.E.M. *Po0.05; **Po0.01 effect of DSS on the ileum. In contrast, LPS injection induced ErbB3 expression and reduced Lyz1 levels (Figure 8f ).
Discussion
Herein we report that the ErbB3 neuregulin receptor limits PC numbers in the intestinal crypt. ErbB3 deletion resulted in an increase in morphologically normal PCs in adult mice and early appearance of these cells in the developing intestine (Figures 1 and 2) . Consistent with the role PCs can have in supplying ISCs with Wnt and growth factors, this was accompanied by elevated Lgr5, but no change in markers for other cell lineages (Figure 1) . We did observe an increase in MMP7-MUC2 double-positive intermediate cells in ErbB3-IEKO mice (Figure 3) , and demonstrated that ErbB3 and the secretory regulator Atoh1 are reciprocally balanced (Figure 4) . The ErbB3 ligand NRG1β downregulated PC and ISC markers in culture models ( Figures 5,6,7) , apparently through altered PI3K-Akt activation ( Figure 7 ). ErbB3-IEKO mice also had elevated inflammation and ER stress markers (Figure 8 ), suggesting that expansion of the PC compartment beyond normal physiologic numbers is associated with a loss of homeostasis. Taken together, our results position ErbB3 as an important regulator of PC differentiation.
We previously demonstrated that the related receptor ErbB4 protects PCs in injury models and enteroids.
21 NRG1β (binds both ErbB3 and ErbB4) stimulated Lyz1 loss even in ErbB4-null enteroids, while WT enteroids treated with NRG4 (activates ErbB4 but not ErbB3) did not suppress PC or ISC markers ( Figure 6) . Thus it appears that ErbB3 and ErbB4 have different, even opposing functions with regard to PC maintenance. This is particularly interesting in that the balance of NRG1β versus NRG4 shifts during inflammation, 27, 33 which could lead to an altered PC population. This could, in turn, impact the ISC niche through the growth factors produced by the PCs, as well as predisposing to an altered microbiota through changes in antimicrobial peptide release.
Although our results exclude a requirement for ErbB4 in ErbB3-mediated restriction of PCs, it will be important to determine whether heterodimerization with either EGFR or ErbB2 is necessary. ErbB3 was initially thought to be kinase inactive and therefore dependent on heterodimerization. 17, 34, 35 More recent studies established that its kinase activity, while low, is sufficient for physiologically relevant signaling. ErbB3 is competent to bind ATP and autophosphorylate, although much more weakly than EGFR, and can form homodimers. 18, 36, 37 Another unique feature of ErbB3 is that it has six YXXM docking sites for the SH2 domain of the p85 PI3K regulatory subunit. 16, 38 The presence of six YXXM motifs makes ErbB3 a stronger activator of the PI3K-Akt pathway than other ErbBs. Given the impact of PI3K signaling on LYZ and ATOH1 expression (Figure 7) , the difference between ErbB3 homodimers versus heterodimers with EGFR or ErbB2 may be functional in fine-tuning this regulatory mechanism.
To date, little is known about the physiology of ErbB3 in the intestine. ErbB3-IEKO mice had impaired recovery from DSS colitis, 20 and our results are consistent with this ( Figure 8 ). Although PC loss or dysfunction is often a feature of intestinal inflammation, [7] [8] [9] [10] [11] the baseline increase in an ER stress marker (CHOP) and inflammatory cytokines (TNF, IFN-γ) in the ErbB3-IEKO ileums may indicate that an over-expansion of PCs is also not benign. While ErbB3 is typically thought of as a growth and survival signal (though it is dispensable for epithelial proliferation, Figures 1o and 8e ) it may be that restricting PC development to prevent a hyper-secretory, ER-stressed phenotype is an important homeostatic function of this receptor. ErbB3-null PCs, despite having a normal appearance, may be more susceptible to injury and inflammation due to baseline ER stress, which has been previously associated with PC expansion or dysfunction.
11,31 However, as described by Threadgill and colleagues, ErbB3 also provides a strong survival signal for colonocytes. 19 ErbB3 likely has multiple context-dependent functions in the gut, and direct effects on both enterocyte survival and PC development may be important. Future studies with targeted deletion in PCs and specific progenitor subsets are needed to better understand which cell types are driving which effects of ErbB3 loss.
PCs secrete products (EGF, Notch, Wnt ligands) that support Lgr5 + ISCs. 6 In ErbB3-IEKO mice, an increase in PC numbers, and therefore Wnt, might drive an accumulation of Atoh1 that feeds into a loop resulting in a further increase in the secretory cell lineage. However, we should note that in LPS-treated C57Bl/6 mice, we saw increased ErbB3 and decreased Lyz1 without alterations in Atoh1 (Figure 8f ). This may indicate that during inflammation ErbB3 has an additional mechanism of regulating PCs without affecting Atoh1, or it could be that the complexity of the acute (24 h) LPS model is masking the response. Conditional Atoh1 knockout results in a loss of all intestinal secretory lineages. 26 Inversely, Notch inhibition had the opposite outcome as well as a reduction in the ISC markers Olfm4 and Lgr5. 13 However, in neither of these cases was the effect specific to PCs as it is with ErbB3. Furthermore, our results show that Olfm4 did not change in ErbB3-IEKO mice, suggesting that increased Atoh1 in ErbB3-IEKO is independent to changes in Notch signaling.
NRG1β treatment of enteroids specifically affected PC markers (Lyz1 and Defa5) and the crypt base columnar ISC marker Lgr5, while effects on the +4 ISC markers Bmi1 and Lrig1 were modest. Since Lrig1 negatively regulates ErbBs, 39 its gradual reappearance in cultures after treatment might be a compensatory response to ErbB3 activation. However, the regulatory mechanisms surrounding Lrig1 are complex; deletion of Lrig1 in mice resulted in increased EGFR, ErbB2 and ErbB3 expression, but also expansion of PCs and ISCs. 40 Although ErbB3 levels were higher in these mice, there was no difference in ErbB3 activation. In contrast, there was an increase in P-EGFR and P-ErbB2, which could drive PC and ISC accumulation, consistent with a need for EGF in enteroid cultures to prime and support growth. ErbB3 may be unique among the ErbB family in its ability to downregulate PCs, while other ErbBs either protect (ErbB4) or induce them (EGFR and/ or ErbB2). Lgr5 levels were higher in ErbB3-IEKO ileums, but other cell lineages (and in particular other secretory lineages) did not expand in these mice. Thus, our data support a model of direct effects on PC differentiation rather than a secondary effect of increased ISC proliferation. Unlike other differentiated cell lineages, PCs can persist in expressing Lgr5, 41 raising the possibility that some of the increase in Lgr5 expression in the ErbB3-IEKO mice is attributable to PCs. The mechanisms through which ErbB3 activation targets Lgr5 + ISC either directly or indirectly, while out of the scope of this study, merit further investigation. The sources of ligands for ErbB3 are not fully understood. Multiple ErbB family ligands, including neuregulins 1, 3 and 4, have been detected in intestinal epithelial cells. 42 On the other hand, a transcriptional profiling study of developing intestine 43 showed more Nrg1 in the mesenchyme than the epithelium (GEO data set GDS2699); as the intestinal subepithelial myofibroblasts are a rich source of factors supporting epithelial growth and differentiation, it may be that they also provide neuregulins. Alterations in ligand expression occur during inflammation 42 and colon cancer, 44 but again little is known about the dynamics and cell specificity of these changes. A comprehensive study of the localization and regulation of neuregulins in the intestine is warranted.
Other growth factor signaling pathways likely interact with ErbB3. Shp2 and MAPK cooperate to shift intestinal secretory cell differentiation away from PCs in favor of goblet cells, 14 and Fgf10 similarly affects this balance, again presumably through MAPK. 45 In contrast, an explicit role for PI3K in regulating PCs was not previously tested. NRG1β activates both MAPK and PI3K in intestinal cells, 27 and crypt progenitor cells from our ErbB3-IEKO mice have reduced activation of both pathways ( Figure 7 ). Inactivation of PI3K or MAPK in HT29 cells induced LYZ and ATOH1; however, the response to MAPK inhibitor could be overcome by NRG1β, while PI3K inhibition was dominant, suggesting mechanistically distinct roles for these pathways. Others have shown that MAPK inhibition leads to differentiation and cell cycle arrest, 46, 47 which might explain an increase in PCs but not the specificity for this lineage. Moreover, we did not find any evidence for altered proliferation in ErbB3-IEKO intestines (Figure 1o and P-Rb results in Figure 7c ).
In summary, our results demonstrate that ErbB3 restricts PC numbers via a mechanism involving PI3K-Akt and Atoh1. Understanding the growth factor signaling mechanisms that affect PC function is an intriguing and under-explored area with potential therapeutic benefit. The balance of NRG1/ NRG4 expression is altered in inflammatory bowel disease, 27 which could alter the equilibrium between ErbB3 and ErbB4 vis-à-vis PC control. Furthermore, the ErbB3 ligand NRG1 is recurrently mutated in patients with colitis-associated colorectal cancers compared with those with sporadic cancer. 48 This implies functional dysregulation of ErbB3 in the precancerous inflammatory state. Taken together with our study, these reports suggest that continuous alteration of ErbB3 activity might be a risk factor in colitis and possibly inflammation-associated colon cancer. ;VilCre ERT2 , Atoh1 GFP/GFP and Atoh1 Flag/Flag 26,50 mice were kept in standard housing with a 12 h light/dark cycle at 21°C to 22°C. To achieve deletion of Atoh1 from intestinal epithelium, Atoh1 flox/flox ;VilCre ERT2 mice were given an intraperitoneal injection of 1 mg/mouse tamoxifen (Sigma, St. Louis, MO, USA) dissolved in corn oil for 3 consecutive days, and killed on day 5. For inflammation studies, acute enteritis was induced by injection of 10 mg/kg body weight LPS from Escherichia coli 0111:B4, purified by gel-filtration chromatography (Sigma cat. #L3012) as we have previously done. 51 DSS colitis was induced by administering 3% (w/v) DSS (Affymetrix, Santa Clara, CA, USA) in drinking water for 4 days, followed by 3 days on regular water. 27, 32 Diarrhea was scored on a four-point scale ranging from normal pellets at 0 to liquid stool at 4. All experiments utilized matched littermate controls, and both male and female animals were included.
Immunofluorescent and histochemical analysis. Hematoxylin and eosin staining was performed on sections of formaldehyde (4%)-fixed, paraffinembedded ileum (terminal 3 cm). Immunofluorescent staining of tissue sections and enteroids used standard techniques as previously reported. 27 Antigen unmasking was achieved by heating the slides in 10 mM sodium citrate, pH 6. Nucleotide incorporation for proliferative labeling was performed using a Click-It EdU labeling kit (Invitrogen, Waltham, MA, USA) according to the manufacturer's protocol. Epithelial isolation. Mucosal scraping was collected as previously described. 52, 53 Briefly, the most distal 6 cm of the ileum was collected, cut open longitudinally, washed and spread with the mucosal side facing upwards. The mucosa was then scraped by a razor blade positioned at a 45˚angle until the tissue is transparent. Scraping efficiency was confirmed visually under a microscope and by qPCR for Lyz1 expression in scrapings versus submucosa (leftover tissue) compared with the whole tissue.
RNA isolation, RT-PCR and real-time qPCR. RNA was collected from ileal mucosal scrapings, cell cultures or TRIzol-suspended sorted cells using column-based isolation and a TissueLyser LT (Qiagen, Germantown, MD, USA). For RNA-seq, RNA quality controls were performed on an Agilent Bioanalyzer nano chip and RNA integrity number was at least 8.8. For qPCR and RT-PCR, cDNA was synthesized from 1 μg of RNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). qPCR was performed using TaqMAN or SYBR Green (Applied Biosystems) assays, and relative expression determined by the 2 − ΔΔCt method. Reference genes were HPRT, Cdh1 or Gapdh as indicated in each experiment. For RT-PCR, reactions were run for 26 cycles and products were separated on 2% agarose gels.
Single-cell analysis. Ileal mucosal scrapings were collected, washed and processed for DISSECT-CyTOF as previously described. 53 Protein parameters were quantified on CyTOF1 mass cytometer (Fluidigm, San Francisco, CA, USA) using antibody conjugates previously validated for CyTOF. The cell populations were Antibodies for DISSECT-CyTOF analysis. CD45, clone 30-F11; cytokeratin 20, clone D9Z1Z; lysozyme and MMP7, same as for immunofluorescence above; P-Akt (S473), clone D9E; P-ERK1/2 (T202/Y204), clone D13.14.4E; P-RSK (T359/S363), D1E9; P-CREB (S133), clone 87G3; P-Rb (S807/811), clone J112-906; P-S6 (S240/244), clone D68F8; P-ATF-2 (T71), clone 11G2; P-c-Jun (S73), clone D47G9; P-p38 (T180/Y182), clone D3F9; and P-STAT3 (Y705), clone D3A7.
Characterization of Paneth cell granules. Sections from ErbB3-FF and ErbB3-IEKO mice were stained for lysozyme, and granule morphologies were blindly scored in well-oriented crypts using previously published criteria. 9, 22 Briefly, Protein analysis and western blot. Protein was extracted from ileal mucosal scrapings using previously described protocols. 27 The samples were quantified by D c protein assay (Pierce, Waltham, MA, USA) and 30 μg each separated on SDS-polyacrylamide gels (4-12%, Invitrogen), transferred onto nitrocellulose membranes and immunoblotted followed by densitometric quantification using the LI-COR Odyssey (LI-COR, Lincoln, NE, USA) infrared detection system.
Antibodies for western blot analysis. From Cell Signaling Technologies, rabbit α-total and -phospho-ErbB3 (#12708, 4791), rabbit α-total and -phospho-EGFR (#4267, 3777), rabbit α-phospho-ErbB4 (#4757), total and phospho-ErbB2, mouse α-total Akt (#2920) and rabbit α-phospho-Akt (#4060), mouse α-total Erk1/2 (#9107) and rabbit α-phospho-Erk1/2 (#4370), rabbit α-total and phospho-p38 MAPK (#9212, 9211), rabbit α-CHOP (#5554), rabbit α-cleaved caspase-3 (#9661), rabbit α-JNK2 (#4672) and mouse α-phospho-JNK (#9255); from Santa Cruz Biotechnology, rabbit α-total ErbB4 (#sc-283); from LI-COR, donkey α-rabbit IRDye 680LT (#926-68023) and donkey α-mouse IRDye 800CW (#926-32212). Equal loading was monitored by blotting for mouse β-actin (Sigma-Aldrich, Clone AC-15 #A1978-1:10 000).
ATOH1
+ cell sorting. Crypts were dissociated as previously described 54 with TrypLE express (Invitrogen) supplemented with 10 μM Y-27632 (Sigma-Aldrich) and 1 mM N-acetylcysteine (Sigma-Aldrich) for 5 min at 37°C, strained to remove clumps, pelleted and resuspended in 5% BSA, 1 mM EDTA and 10 μM Y-27632 in PBS. Cell viability was assessed using 7-AAD. ATOH1 + and 7-AAD-negative single cells were sorted into 500 μl TRIzol reagent (Invitrogen) for RNA sequencing.
